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Abstract: Climate change constitutes a potential threat to 
montane biodiversity, particularly in low-altitude, tropical 
mountains; however, few data exist for the Afromontane 
taxa. In South Africa, the temperate grassland and fynbos 
biomes are mostly associated with the Great Escarpment 
and the high-lying central plateau. Varying contractions 
of the grassland and fynbos biomes are predicted under 
different climate scenarios by 2050. Animal taxa adapted 
to these biomes should suffer similar range declines and 
can be used to independently test the vegetation models. 
We constructed MaxEnt models from 271 unique locality 
records for three species of montane and submontane vlei 
rats that are closely associated with grassland ( Otomys 
auratus, Wroughton 1906), mesic savanna (Otomys ango-
niensis, Wroughton 1906), and fynbos (Otomys irroratus, 
Brants 1827) biomes in South Africa. Projected range shifts 
under the A2 emission scenario of the Intergovernmental 
Panel on Climate Change showed increases (O. angonien-
sis) and decreases (O. auratus) that closely mirrored those 
expected for the savanna and grassland biomes, respec-
tively. Comparison of historical (from 90  years ago) and 
current occurrence data from a zone of sympatry in the 
tropical Soutpansberg Mountains (at 1250 m asl) showed 
complete replacement of the grassland-adapted rodent 
species (O. auratus) by the savanna-adapted species (O. 
angoniensis) due to historically documented changes from 
a grassland-dominated to thicket-dominated landscape.
Keywords: ecological niche models; grassland, savanna; 
South Africa; vlei rats.
Introduction
Using ecological niche models (ENMs), the boundaries of 
different vegetation biomes in South Africa have been pre-
dicted to vary with future climate change, with the magni-
tude of such changes depending on the severity of different 
climate change scenarios (Driver et al. 2012). In particular, 
the temperate grassland biome niche is expected to con-
tract considerably by 2050 (particularly under medium-
risk and high-risk scenarios) with a concomitant increase 
in the subtropical savanna biome. Similar results have 
been predicted using plant growth models to simulate a 
2°C increase in temperature and 15% decrease in rainfall 
(Ellery et  al. 1991). Plausibly, these hypothetical biome 
shifts could be tested by constructing ENMs for related 
groups of plant or animal species having distributions 
closely tied to either grassland or savanna biomes. Should 
projected range declines in temperate grassland-asso-
ciated species of plants and animals be shown to be as 
marked as predicted by the vegetation niche models, this 
could have important conservation consequences for the 
species and communities concerned.
The speciose rodent genus Otomys contains some 
31 species of herbivorous, mesic grassland-habitat “vlei 
rats” distributed widely mostly throughout Afromontane 
regions of southern, eastern, central, and western Africa 
(Taylor 2013, Monadjem et  al. 2015). Recent research 
has shown that many of these taxa are range restricted, 
occurring in just one or a few adjacent mountain ranges 
(Taylor et  al. 2009a,b, 2011, 2014, Engelbrecht et  al. 
2011). In southern Africa, recent studies showed that the 
widespread vlei rat (Otomys irroratus sensu lato) com-
prises two distinct genetic species, O. irroratus sensu 
stricto and O. auratus, whose distributions correspond 
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remarkably closely with the boundaries of the fynbos 
and grassland biomes, respectively (Figure 1; Taylor et al. 
2009b,  Engelbrecht et al. 2011). In this study, O. irroratus 
hereafter refers to O. irroratus sensu stricto. In the Eastern 
Cape, O. irroratus occurs also in the Albany Thicket biome 
and even marginally into the savanna and Nama Karoo 
biomes (e.g. in the Fish River valley) (Taylor et al. 2009b, 
Engelbrecht et al. 2011). A third southern African species 
(O. angoniensis) is distinguishable from O. auratus and O. 
irroratus based on craniodental characters but has been 
shown to occur in mesic savanna habitats on the lower 
slopes and proximity of mountains or escarpments, where 
it has a mostly allopatric distribution relative to O. auratus 
except at narrow contact zones usually located at the 
interface of the grassland and savanna biomes, around 
1000 m in KwaZulu-Natal and Swaziland (Figure 1; Mon-
adjem 1998, Taylor 1998) and 1300 m in Limpopo Province 
(Nengovhela 2014). Where O. auratus and O. angoniensis 
co-occur at the same site, O.  auratus is associated with 
sedges and grasses adapted to densely vegetated wetlands 
with wet soils, while O.  angoniensis is associated with 
plant species that typically grow in the drier margins of 
wetlands (Davis 1973).
The overall aim of this study was to model the current 
and projected future (2050) distributions of the three 
biome-associated taxa of Otomys mentioned above in 
Figure 1: Map showing the distribution of three Otomys species in South Africa and the distributions of three major vegetation biomes 
(Mucina and Rutherford 2006) associated with them as well as a more detailed map of collecting localities in the Soutpansberg Mountains 
where we compared historical and recent collections (see text for details).
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relation to the previously projected changes in the limits 
of their respective biomes. ENMs have been used to 
predict suitable habitats of rare species for their conserva-
tion management (e.g. Armstrong 2009, Tarrant and Arm-
strong 2013) as well as to predict niche shifts of species 
due to future climate change (Erasmus et al. 2002, Coetzee 
et al. 2009, Monadjem et al. 2012, García-Domínguez et al. 
2014). Climate change is expected to cause significant bio-
diversity losses in the future, including in South Africa 
(Erasmus et al. 2002, Thomas et al. 2004, Hannah et al. 
2005, Pereira et al. 2010, McCain and Colwell 2011).
Recent studies have identified many biases inherent 
in ENMs, including the inability of available environmen-
tal layers to estimate the fundamental niche, inappropri-
ate backgrounds (leading to either overfitting or truncated 
responses), and the failure to account for dispersal capa-
bilities as well as anthropogenic habitat transformation. 
These biases are particularly important where models are 
used to project habitat suitability to future climate sce-
narios. In this study, we have followed recent studies in 
attempting to correct for biases due to background extent 
(van der Wal et al. 2009, Anderson and Raza 2010), disper-
sal capability (Midgley et al. 2006), and habitat transfor-
mation (using the national land cover database presented 
in Driver et al. 2012). By doing so, we aim to test the robust-
ness of the developed models.
Historical changes can provide clarity and confidence 
about the nature of ongoing and predicted future changes. 
For example, historical vegetation changes due to shrub 
encroachment in Swaziland elucidated by remote sensing 
of aerial photography were confirmed by recorded changes 
in bird communities (Sirami and Monadjem 2012). Bush 
encroachment is an ongoing problem that is expected to 
be exacerbated in the future by elevated CO2 levels associ-
ated with climate change (Bond et al. 2003, Kgope et al. 
2010) as well as by land management factors (Roques 
et al. 2001, Bond 2008, O’Connor et al. 2014). In order to 
attempt to ground-truth our models about future climate 
change in two of the three modeled species of Otomys, 
and to investigate the possible role of vegetation changes 
such as bush encroachment, we sampled Otomys at two 
historical contact zones between Otomys angoniensis (a 
mesic subtropical savanna species) and O. auratus (a tem-
perate grassland species) in the Soutpansberg Mountains 
(Limpopo Province) and Rietvlei Nature Reserve (Gauteng 
Province) to compare current species composition with 
that recorded by historical collections from the same sites 
90 and 40 years ago, respectively. To correlate these com-
munity changes with vegetation changes, we compared 




Museum specimen records from the Ditsong National 
Museum of Natural History (TM) and the Durban Natural 
Science Museum (DNSM) supplemented with field collect-
ing (34 nights of standard small-mammal live-trapping 
and ad hoc collection of owl pellets containing Otomys) in 
the Soutpansberg and Waterberg mountains of Limpopo 
Province and the Rietvlei Nature Reserve of Gauteng 
Province (Table 1), resulted in 271 unique South African 
locality records of three Otomys species, O. angoniensis, 
O. auratus, and O. irroratus sensu stricto, that were used 
for model creation (Figure 1). Species identification of 
museum and field-collected specimens was checked by 
PJT (DNSM) and AN (TM) using existing keys (Meester 
et al. 1986, Taylor 2013, Monadjem et al. 2015), and those 
that could not be correctly identified were excluded from 
model building. Accurate identification of O. auratus 
and O. irroratus from O. angoniensis depends on detailed 
inspection of cranial and dental characters. Otomys 
auratus and O. irroratus both have a round petrotympanic 
foramen and six laminae in the third lamina of the upper 
third molar, while in O. angoniensis, the petrotympanic 
foramen is slit-like in shape and there are seven laminae 
of the third upper molar (Meester et al. 1986, Taylor 2013).
Standard small mammal live-trapping (with Sherman 
traps) and specimen preparation procedures were used 
to collect Otomys during this study (34 trapping nights) 
under collecting permits from the Limpopo Department 
of Environmental Affairs and Tourism (permit no. 001-
CPM403-00010), and for Rietvlei Nature Reserve, with 
the permission of the Tshwane Municipality and Gauteng 
Department of Agriculture and Rural Development. 
Capture and handling followed the guidelines prescribed 
by the American Society of Mammalogists (Sikes, Gannon, 
and the Animal Care and Use Committee 2011).
For analysis of temporal changes in species composi-
tion of Otomys auratus and O. angoniensis, we selected 
two sites that were both (i) historical zones of sympa-
try where both species had been previously collected 
together (in grassland habitats near the current boundary 
of the grassland/savanna biomes), and (ii) which could 
be resampled during the course of the current study. The 
sites included the adjacent farms of Newgate and Mid-
delfontein in the central Soutpansberg Mountains in 
Limpopo Province and the Rietvlei Nature Reserve near 
Pretoria in Gauteng Province. On the basis of an unpub-
lished personal diary of Austin Roberts in the archives of 
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the Ditsong Museum, Newgate Farm in the central Sout-
pansberg (altitude 1280  m asl) was sampled by Austin 
Roberts between 8 and 25 July 1923 (17 trapping nights), 
and resampled by us (at the adjacent Middelfontein Farm 
with similar habitat; altitude 1240 m asl) over nine trap-
ping nights between October 2011 and August 2013. A 
“trapping night” is here defined as the number of nights 
of trapping irrespective of the number of traps set per 
night, which was unknown in most cases. The second 
site (Rietvlei Nature Reserve) was part of an intensive 
PhD study by R.M. Davis that resulted in 375 Otomys cap-
tured over 56 nights of trapping between March 1970 and 
May 1972 (Davis 1973); it was resampled from 29 October 
to 1 November 2012, but with no Otomys collected, where 
after we were able to obtain 23 Otomys of both species 
collected as part of the ongoing MSc thesis of Gerhard 
Goldner based at University of Pretoria (Table 1).
ENMs of current and future distribution
The field and museum data sets of Otomys auratus, 
O.   irroratus, and O. angoniensis were modeled using 
MaxEnt (Maximum Entropy version 3.3.3 k) (Phillips et al. 
2006, Elith and Leathwick 2009). MaxEnt has been shown 
to outperform alternative ENM software programs such 
as GARP and BIOCLIM (Elith et al. 2006). ArcMap version 
10.1 (www.esri.com) was used to manage the occurrence 
records and to project (to GCS-WGS-1984) and prepare 
the predictor variable dataset (interpolated climatic vari-
ables) including their background. Locality coordinates 
were extracted directly from museum specimen labels or 
from official gazetteers. Records from unknown locali-
ties were not included in the model, and the remaining 
records were plotted on maps and inspected visually to 
detect obvious errors. Duplicates (records from the same 
pixel) were removed.
For present and future climate scenarios, eight contin-
uous climatic variables (BIOCLIM) were used as predictors 
in the MaxEnt models: Bio 01 (annual mean temperature), 
Bio 04 (temperature seasonality), Bio 05 (maximum 
temperature of the warmest month), Bio 06 (minimum 
temperature of the coldest month), Bio 12 (annual precipi-
tation), Bio 13 (precipitation of the wettest month), Bio 14 
(precipitation of the driest month), and Bio 15 (precipi-
tation seasonality). These variables were extracted from 
the CliMond website (Kriticos et  al. 2012; https://www.
climond.org). As animals may respond to either mean 
or extreme climatic conditions in addition to seasonal 
changes (e.g. hibernation in small mammals induced 
by cold winters), we selected variables to represent both 
extreme and mean temperature and rainfall parameters in 
addition to an index of seasonality.
Future climate variables were based on the CSIRO-
MK3.0 general circulation model under the A2 emission 
scenario. The A2 emission scenario was selected because 
there is strong evidence that alternative less “extreme” 
scenarios may no longer be relevant under current green-
house gas emission rates (Beaumont et al. 2008). All the 
environmental variables were resampled to a grid resolu-
tion of 10 arc min (roughly 15 × 15 km). The occurrence data 
were split into 30% testing and 70% training. Models were 
run with and without clamping (restricting environmental 
variables to the range of values encountered during model 
training). The oldest natural history collection records cor-
responded closely with the timeframe of weather station 
records used to estimate the environmental variables used 
in MaxEnt modeling.
Study regions (backgrounds) that are defined too 
broadly may include large areas of unsuitable habitat that 
may bias model results, whereas study regions that are too 
limited in extent may result in “truncated responses” due 
to environmental values outside the study region being 
assigned to species (van Der Wal et  al. 2009, Anderson 
and Raza 2010). To accommodate such potential biases, 
we used two different masks to create the background 
for model calibration: (i) the political boundaries of 
South Africa, Swaziland, and Lesotho combined; and (ii) 
minimum convex polygons surrounding the occurrence 
points for each species, with a 50 km buffer added. In the 
second instance, species models were calibrated using the 
appropriate species polygons, but projections were made 
using the complete South African/Lesotho/Swaziland 
coverage.
Biases may also be introduced by not considering 
the important factor of dispersal (Midgley et  al. 2006). 
In our study, we analyzed model results with respect to 
two distinct scenarios of “no dispersal” and “full disper-
sal.” In the case of no dispersal, pixels predicted by the 
models to occur in new areas (relative to the current dis-
tribution model) were not considered. In the case of full 
dispersal, pixels were retained as part of the future distri-
bution even when they were not part of the current pre-
dicted range, irrespective of the number of intervening 
pixels. We did not construct an intermediate scenario as 
suggested by Midgley et al. (2006), as their intermediate 
scenario allowed for decadal dispersal shifts of one pixel 
per decade for rodent-dispersed Protea seeds; applying 
the same rate in our case between the current (1975) and 
future (2050) scenarios would have allowed for dispersal 
rates of eight pixels. Our empirical data did not identify 
any range shifts exceeding this; hence, notwithstanding 
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Figure 2: MaxEnt model performance and variable responses 
for Otomys auratus. (A) Test omission rate and predicted area as 
a function of the cumulative threshold, averaged over five repli-
cate runs for MaxEnt model for Otomys auratus using the greater 
South African region as mask and the projection layer; (B) species 
response curves (means and standard deviations) for the three most 
 important climate variables.
unidentified landscape barriers, the “full dispersal” 
model was probably the most realistic.
Five replicates were run for each model using the 
cross-validation setting. The regularization multiplier 
was set to 1, maximum number of background points was 
set to 10,000, maximum iterations was set to 500, and 
the convergence threshold was set to 0.00001. The area 
under the receiver operating characteristic curve (AUC) 
and jack-knife test were used to evaluate the model per-
formance. The jack-knife test examines the importance of 
each environmental variable by removing one variable at 
a time and then each variable in isolation (Phillips et al. 
2006). The logistic threshold “Equal Training Sensitiv-
ity and Specificity” was used for all the models because 
it gave the most realistic current distribution prediction 
for all the species in question. Values below the threshold 
indicate areas that are unsuitable for the species, whereas 
values above the threshold represent those that are suit-
able (Monadjem et al. 2012).
Results
MaxEnt results
Current and future (2050) predicted ranges, model param-
eters, and response curves of important environmental 
predictor variables for Otomys auratus, O. angoniensis, 
and O. irroratus are shown in Figures 2–7 and Tables 2 
and 3. In addition, projected biome limits for 2050 under 
a medium-risk climate scenario (from Driver et  al. 2012) 
are superimposed for the grassland, savanna, and fynbos 
biomes for the future distribution maps of O. auratus 
(Figure 3B), O. angoniensis (Figure 5B), and O. irroratus 
(Figure 7B), respectively. In all cases, test omission rates 
fell very close to their predicted values based on cumu-
lative thresholds, indicative of good fit to the models 
(Figures 2A, 4A, and 6A).
Models trained using single species minimum 
convex polygons (with 50 km buffer) had considerably 
lower AUC values than those trained using greater South 
Africa as background (Table 2). Estimates of future pre-
dicted distribution also varied considerably between the 
different backgrounds in the case of Otomys angoniensis 
and O. irroratus where maps of suitable habitat result-
ing from single species polygon masks included areas 
of South Africa far outside the current distributions, 
such as the arid savannas of northwestern South Africa 
(O. angoniensis) and extensive northern parts of South 
Africa (O. irroratus) (Supplemental Figure 1 A,B). In both 
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Figure 3: Maps showing MaxEnt-modeled current distribution of Otomys auratus (A) as well as future (B: 2050; A2 scenario) distributions 
of O. auratus based on logistic probabilities associated with the mean values obtained from five replicate models using cross-validation. 
The occurrence points (crosses) used for the model are included and maps are overlaid with the grassland biome limits (stippled shading), 
which indicate current (A) and projected 2050 (medium risk; B) limits.
these cases, clamping (restricting environmental vari-
ables to the range of values encountered during model 
training) resulted in different probabilities compared to 
models where clamping was not applied (Supplemental 
Figure 1 C,D), indicative of “truncated responses.” Pre-
dictions in such areas affected by clamping are unrelia-
ble. Such problems encountered using minimum convex 
polygons for model calibration were not experienced at 
all using the greater South African background models, 
and for this reason we have based our discussion on 
the models trained with the South African background 
(Figures 2–7).
The current and future (2050) modeled distributions 
of Otomys auratus correspond broadly to the current and 
2050 (medium-risk scenario) limits of the grassland biome; 
in both cases, distributions contract southwards (becom-
ing extremely limited in Limpopo and Gauteng provinces) 
and become restricted to the higher-lying altitudes along 
the southeastern Great Escarpment (Figure 3). Depend-
ing on whether or not dispersal is allowed, O. auratus is 
expected to decline in area of occupancy by 47–61% by 
2050 (Table 3); however, the MaxEnt model predicts an 
expansion of O. auratus by 2050 along the Indian Ocean 
Coastal belt, where it occurs only narrowly at present 
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Figure 4: MaxEnt model performance and variable responses for 
Otomys angoniensis. (A) Test omission rate and predicted area as 
a function of the cumulative threshold, averaged over five replicate 
runs for MaxEnt model for Otomys angoniensis using the greater 
South African region as mask and the projection layer; (B) species 
response curves (means and standard deviations) for the three most 
important climate variables.
(Figure 3). Conversely, expected increases in the limits of 
the savanna biome are reflected in a predicted increase in 
the area of occupancy of 123% in O. angoniensis if unre-
stricted dispersal occurs; however, if dispersal is not pos-
sible, the range will decline by 30%. By 2050, the range 
of O. angoniensis is projected to extend widely into areas 
currently occupied by O. auratus in the current grassland 
biome (Figure 5). Future projected changes in the extent of 
the fynbos biome are less marked than for the grassland 
and savanna biomes; however, quite substantial contrac-
tions are expected for the Eastern Cape compared with 
the Western Cape (Figure 7). Predicted changes in the dis-
tribution of O. irroratus are also relatively minor (12–24% 
decline by 2050), with most of the declines occurring in 
the Western Cape. However, in the Eastern Cape, where 
the extent of the fynbos biome is expected to be highly 
reduced by 2050, the future distribution of O. irroratus 
appears little changed or even slightly larger (Figure 7), 
indicating that the species is not closely tied to the fynbos 
biome in its Eastern Cape distribution.
Suitable habitats of Otomys auratus are associated 
with cooler maximum monthly temperatures (Bio 5) and 
higher average (Bio 12) and wettest monthly (Bio 13) pre-
cipitation (Figure 2B). Suitable habitats of O. angoniensis 
are associated with higher precipitation of the wettest 
month (Bio 13), warmer mean annual temperatures 
(Bio 1), and cooler monthly minimum temperatures (Bio 6; 
Figure  4B). Suitable habitats of O. irroratus are associ-
ated with medium to high minimum monthly precipita-
tion of the driest month (Bio 14), high rainfall seasonality 
(Bio 15), and higher minimum temperatures of the coldest 
month (Bio 6; Figure 6B).
Historical changes in species composition 
and vegetative cover
Soutpansberg Mountains
Prior to this study, Otomys was collected only from 
Newgate Farm in the central Soutpansberg (in 1923) 
and Entabeni Forest Station in the eastern Soutpans-
berg (in 1976). The present study added collections from 
western (Lajuma Research Station and Buzzard Mountain 
Retreat), central (Middelfontein Farm, 2 km from Newgate 
Farm), and eastern (Entabeni) Soutpansberg (Figure 1, 
Table 1). During Austin Roberts’s 1923 survey, the grass-
land-associated species Otomys auratus appeared to 
be dominant at Newgate Farm in the central Soutpans-
berg, representing 75% of all Otomys captures (n = 8). At 
the nearby Middelfontein Farm 90 years later, we caught 
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Figure 5: Maps showing MaxEnt-modeled current distribution of Otomys angoniensis (A) as well as future (B: 2050; A2 scenario) distribu-
tions of O. angoniensis based on logistic probabilities associated with the mean values obtained from five replicate models using cross-
validation. The occurrence points (crosses) used for the model are included and maps are overlaid with the savanna biome limits (stippled 
shading), which indicate current (A) and projected 2050 (medium risk; B) limits.
four O. angoniensis and no O. auratus after nine nights 
of trapping with 150 traps per night (1350 trap-nights) 
(Table 1). Such low trap success is typical of these “trap-
shy” rodents. The difference reported above in frequen-
cies of the two species collected at adjacent sites in 
1923 and 2011–2013 was statistically significant (χ2 = 6.0, 
p = 0.01). While these observations from the central Sout-
pansberg are localized and based on small sample sizes, 
data from the wider Soutpansberg support the hypothesis 
of regional extinction of O. auratus. Modern collections of 
Otomys from the western Soutpansberg (Lajuma Research 
Centre and Buzzard Mountain Retreat) undertaken in 
dense grassland habitats at high elevations  > 1300  m 
typical of O. auratus, revealed only the savanna-associ-
ated species, O. angoniensis (n = 12 collected over 15 nights 
of trapping; Table 1). No prior collections were available 
for these sites. During our study, O. auratus was collected 
in the Soutpansberg only at Entabeni Forest Station in the 
eastern Soutpansberg (n = 2, after seven trapping nights 
of 130 traps per night, or 910 trap-nights), where a single 
specimen of the same species was previously collected on 
29 March 1976 (Table 1).
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Figure 6: MaxEnt model performance and variable responses for 
Otomys irroratus. (A) Test omission rate and predicted area as a 
function of the cumulative threshold, averaged over five replicate 
runs for MaxEnt model for Otomys irroratus using the greater 
South African region as mask and the projection layer; (B) species 
response curves (means and standard deviations) for the three most 
 important climate variables.
Comparisons between the aerial photographs from 
1951 from the vicinity of Newgate and Middelfontein 
farms and modern photographs (2008) from the same 
area (Figure 8) reveal that the vegetation in the area has 
changed substantially over at least the past six decades, 
from predominantly open grassy plains to predominantly 
dense woodlands (thickets) classified currently as the 
Soutpansberg Mountain Bushveld (Mucina and Ruther-
ford 2006).
Rietvlei Nature Reserve, Gauteng Province
On the same 2.25-ha grid during mostly monthly sampling 
from March 1970 to May 1972, Davis (1973) captured both 
Otomys auratus and O. angoniensis in numbers, which 
approximated an 8:1 ratio (333 O. auratus, 42 O. angonien-
sis). In Grass Owl and Barn Owl pellets collected during 
the same study, O. auratus outnumbered O. angoniensis by 
14:1 and 9:1, respectively. A similar ratio in specimens col-
lected was determined by the current study (20 O. auratus, 
3 O. angoniensis). There was no significant difference in 
the frequencies reported above of the two species collected 
in 1970–1972 and 2013 (χ2 = 0.073, p > 0.05). The grassy 
wetland (“vlei”) sites where Otomys was collected during 
1970–1972 and again in 2013 have not changed appreciably 
in structure (Figure 9) between the two studies, although 
succession toward a climax wetland vegetation has been 
documented in a rehabilitation program begun in 2000 
for the peat wetlands previously desiccated and mined 
before the Pretoria City Council acquired the property in 
1929 (Venter et al. 2003).
Discussion
Robustness of models to assumptions of 
background mask, dispersal, and habitat 
transformation
The background mask chosen for model calibration had 
an important effect on the outcome of ENMs in the case 
of Otomys angoniensis and O. irroratus. Choosing species 
polygons as masks resulted in truncated responses as 
diagnosed by variable probability (habitat  suitability) 
values when clamping was applied (Supplemental 
Figure  1). These models using single-species masks also 
predicted areas of high probability that were clearly 
unsuitable for the species, e.g. for O. angoniensis, the arid 
Kalahari Gemsbok National Park (Supplemental Figure 1). 
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Figure 7: Maps showing MaxEnt-modeled current distribution of Otomys irroratus (A) as well as future (B: 2070; A2 scenario) distributions 
of O. irroratus based on logistic probabilities associated with the mean values obtained from five replicate models using cross-validation. 
The occurrence points (crosses) used for the model are included and maps are overlaid with the grassland biome limits (stippled shading), 
which indicate current (A) and projected 2050 (medium risk; B) limits.
The greater South African mask performed better than the 
species polygon masks (higher AUC values), was relatively 
free of statistical problems like overfitting, and resulted in 
intuitively realistic models. Using a similar approach to 
compare potential distributions of montane Venezuelan 
rodents based on a regional versus a more geographically 
restricted species-area mask, Anderson and Raza (2010) 
found that the narrower species mask performed better 
than the regional one. In their case, and in contrast to 
our study, they found that overfitting in the models cali-
brated with the regional-area mask resulted in unsuitable 
areas having apparently high probabilities, whereas the 
species-specific masks showed no problems of clamping 
and gave more intuitively realistic results. We conclude 
that in each study addressing these aspects, the choice 
of appropriate mask should be carefully considered and 
alternatives explored to avoid problems of both overfitting 
(from too broad a mask) and truncated responses (from 
too narrow a mask). The definition of appropriate masks 
based on single environmental variables such as vegeta-
tion type or rainfall is often difficult or impossible. In the 
case of O. auratus, the close association of the species 
distribution with the grassland biome suggests that this 
layer could be used to construct a suitable mask; however, 
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the existence of geographically outlying records (Figure 1) 
could result in truncated responses when using a possibly 
restrictive mask. At least in this study, although it included 
some unsuitable (e.g. semi-arid) areas, the use of a mask 
corresponding to the political boundaries of South Africa, 
Lesotho, and Swaziland did not appear to create problems 
of overfitting.
Differences in dispersal scenarios affected the 
outcome of models, particularly in the case of Otomys 
angoniensis, where, assuming full dispersal, the 2050 
predicted range will expand considerably into new areas 
currently occupied by O. auratus. Given that Otomys can 
occupy disturbed habitats such as lush overgrown lawns 
and gardens, young pine plantations, and rank vegeta-
tion along drainage lines and roads (Taylor 1998), they 
are likely to be reasonably good dispersers and the “full-
dispersal” model probably applies. Indeed, our trapping 
data from Soutpansberg suggest that O. angoniensis has 
already replaced O. auratus throughout most of the moun-
tain range except in the Entabeni area in the east.
The models presented in this study assume that suita-
ble habitat for the species occurs in all c. 2.5 × 2.5 km pixels 
identified by the model. This is a naïve assumption as 
national land-cover maps (Driver et al. 2012) have demon-
strated rapidly accelerating anthropogenic habitat trans-
formation in South Africa in recent years, and this is set 
to accelerate even further in the near future and to have 
an impact on biodiversity (Chown 2010). For example, 
maps presented by Driver et  al. (2012) for the KwaZulu-
Natal Province between 1994 and 2008 reveal consider-
able transformation particularly in the coastal areas, with 
the prediction that no natural cover will persist outside of 
protected areas by 2050. Given that Otomys species may 
utilize some transformed habitats as indicated above, we 
did not attempt to subtract transformed areas from our 
modeled current and future areas of occupancy. Never-
theless, a “worst-case scenario” can be envisaged if we 
assume that no natural habitats for Otomys will occur 
outside protected areas in KwaZulu-Natal by 2050. Over-
laying the map of formal protected areas over the map of 
the 2050 predicted distribution of O. auratus shown in 
Figure 3B, 22 out of 41 pixels of suitable habitat occurring 
along the coast of KwaZulu-Natal contain protected areas. 
If it is assumed that only protected areas will contain suit-
able habitat, this indicates a reduction (by about 50%) in 
the area of occupancy indicated by the model. Transfor-
mation of coastal areas of KwaZulu-Natal is mostly due 
to monocultures of sugar cane, forestry plantations, and 
residential developments. Depending on whether or not 
O. auratus could occupy such transformed areas, which 
is probably dependent on continuous areas of suitable 
riparian grassy vegetation around dams and along rivers, 
and assuming that the species will be capable of dispers-
ing to suitable areas along the coast as the model pre-
dicts, the future distribution of the species may be highly 
fragmented, resulting in high rates of local population 





Mask: single species polygons
AUC  Top 3 important variables AUC  Top 3 important variables
Otomys angoniensis (n = 95)  0.878±0.009  Bio13a, Bio1b, Bio6   0.734±0.045  Bio6c, Bio1, Bio4
Otomys auratus (n = 124)   0.822±0.036  Bio5, Bio13, Bio12a (Bio15b)  0.723±0.048  Bio5a, Bio1b, Bio13
Otomys irroratus (n = 52)   0.951±0.006  Bio14a, Bio15, Bio6b   0.783±0.077  Bio12a, Bio15b, Bio13
No. of unique occurrences (n) given for each species. aVariable with highest gain when used in isolation, i.e. which has the most useful 
information by itself; bvariable that decreases the gain the most when it is omitted, i.e. which has the most information that is not present 
in the other variables; cvariable that satisfies both conditions a and b above.
Table 3: Area of occupancy (number of pixels) estimated for five-fold cross-validation MaxEnt models of current and future (2050) 
 distribution for three vlei rat species with two different backgrounds (greater South Africa or minimum convex polygons based on 
 occurrence records of each of the three species, with 50 km buffer added) and assuming either no dispersal or full dispersal.
Species  
 
Mask: South Africa  
 
Mask: single species polygons
Current   2050 
dispersal
  2050 no 
dispersal
Current   2050 
dispersal
  2050 no 
dispersal
Otomys angoniensis  658   811   467   418   585   162
Otomys auratus   776   412   306   657   255   173
Otomys irroratus   345   304   263   179   2145   124
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Figure 8: Aerial photographs of the central Soutpansberg in the vicinity of the Newgate and Middelfontein farms from 1951 and 2008 indi-
cating the site of historical (1923: Austin Roberts) and current (this study) collection of Otomys.
extinction. Given the high rates of habitat degradation 
and loss across Africa, ENMs consider this factor when 
projecting the potential and future ranges of species.
Climate and historical change implications
General increases in mean temperatures have been docu-
mented in South Africa since the 1950s; while the extent 
of these increases varies spatially, the mean annual tem-
perature in parts of northern Limpopo has been estimated 
to have increased by as much as 0.1°C per decade between 
1950 and 1999 (Kruger and Shongwe 2004, Tshiala et al. 
2011). Bioclimatic and plant growth models suggest that 
the climatic conditions for grasslands may be replaced 
in the future by conditions more favorable to savannas 
notably in large areas of the Limpopo, Gauteng, North-
west, and Mpumalanga provinces of South Africa (Ellery 
et al. 1991, Driver et al. 2012).
Our models projected changes in the distribution of 
Otomys auratus and O. angoniensis by 2050, which were 
largely congruent with the 2050 limits of grassland and 
(mesic) savanna biomes, respectively, projected under 
the medium-risk climate change scenario of Driver et al. 
(2012). These results confirm our prediction that under 
future climate change scenarios, the more tropical savanna 
biome species will gradually replace the more temperate 
grassland biome species. We also predicted a decline in 
the range of a fynbos biome rodent species (O. irroratus) 
consistent with expected contractions in the extent of this 
biome by 2050. However, while the fit between the current 
and future limits of O. irroratus and the fynbos biome 
was good for the Western Cape Province, there was less 
congruence between their respective distributions in the 
Eastern Cape portion of their distribution where O. irrora-
tus is able to persist in the Albany Thicket biome (Taylor 
et al. 2009b). This seems to indicate that O. irroratus is a 
weaker indicator species for the fynbos biome than are 
O. auratus or O. angoniensis for the grassland and (mesic) 
savanna biomes, respectively.
In support of these future modeled projections for the 
grassland and savanna biome-associated rodent species, 
we also demonstrated a historical shift in dominance from 
Otomys auratus (grassland-associated) to O. angoniensis 
(savanna-associated) at one location in the Soutpansberg 
over a 90-year period, accompanied by extensive vegeta-
tion transition from open grassy plains to dense wood-
land. It is not immediately clear which components of 
the respective niches of the two species are responding to 
these observed historical changes and what environmen-
tal factors may be driving these changes. At least three 
hypotheses can be advanced.
1. Direct effects of increasing temperatures could confer 
metabolic advantages to the tropical (Otomys ango-
niensis) relative to the temperate (O. auratus) species. 
Variable responses from the MaxEnt models attest 
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Figure 9: 2008 Satellite photograph of Rietvlei Nature Reserve (outlined) indicating the approximate area (indicated by ?) of historical 
(1970, 1972: Davis) collections and recent sites of collection (this study).
to the preference of O. angoniensis for high rainfall 
and warmer temperatures, while suitable habitats of 
O. auratus were associated with cooler temperatures 
and high rainfall (Figures 3B and 5B).
2. Higher temperatures (linked possibly with lower rain-
fall) could have an effect on vegetation type leading 
to plants adapted to drier soil moisture conditions 
favorable to Otomys angoniensis. Davis (1973) found 
a strong association between the microdistribution 
of O. auratus and O. angoniensis and different plant 
associations on a 2.25-ha trapping grid associated 
with a wetland and surrounding grasslands at Riet-
vlei Nature Reserve near Pretoria. Very little overlap 
occurred between the two species, with O. auratus 
 - 10.1515/mammalia-2015-0033
Downloaded from PubFactory at 07/27/2016 10:53:00AM
via University of Stellenbosch
P.J. Taylor et al.: Afromontane rodents and climate change      373
largely confined to the denser, waterlogged areas of 
the vlei and associated with sedges and other her-
baceous plants known to be wetland adapted, while 
O.  angoniensis occurred on the drier margins of the 
vlei and was associated with herbaceous plants 
occurring on drier soils.
3. Factors other than climate may have resulted in veg-
etation transitions such as bush encroachment that 
would have favored a tropical savanna species over 
a temperate grassland species. Drivers that promote 
bush encroachment include elevated atmospheric 
CO2 levels (Bond et al. 2003, Kgope et al. 2010) partic-
ularly in mesic savannas (Bond and Midgley 2012), 
the absence of fire, and land management factors 
such as increased grazing pressure (Roques et  al. 
2001, Bond 2008, O’Connor et al. 2014) with impli-
cations for ecosystem function including hydrology 
(e.g. Huxman et  al. 2005) and cascading impacts 
on biodiversity (Bond 2008). Consensus on the pri-
mary and secondary drivers has not been reached, 
and it is suggested that the process is a dynamic one 
with multiple drivers likely interacting and chang-
ing over time (O’Connor et  al. 2014). Aerial photo-
graphs from 1951 and 2008 from the Soutpansberg 
study area (Figure 8) clearly attest to the effect of 
bush encroachment, which has transformed open 
grassy plains to thick woodland over much of the 
Soutpansberg (see also Hahn 2002, 2006, for many 
examples of old historical photographs depicting 
an earlier landscape of open grassy plains). In the 
area of the central Soutpansberg where we observed 
a historical shift from Otomys auratus to O. ango-
niensis, historical records document the existence 
of wetter conditions and substantial swamps and 
wetland areas in the early 20th century (including 
the location of the current town of Louis Trichardt), 
which dried up in the early 20th century, not least 
due to the extensive planting of exotic plantations 
(Hahn 2002, 2006).
Arguing against hypotheses 1 and 2, which assume a sig-
nificant increase in temperature in the central Soutpans-
berg over the past 90 years, temperature data from 30 
catchments in Limpopo Province collected over a 50-year 
period (1950–1999) show that changes in mean annual 
temperature in the Nzhelele River catchment (in which 
the study site falls) were only around -0.003°C to 0.005°C 
per decade, amounting to a maximum of around 0.05°C 
over the past century (Tshiala et al. 2011). However, in the 
adjacent Sand River catchment, changes of up to 0.1°C per 
decade were measured over the same period, reflecting 
considerable spatial variation in temperature changes 
measured across Limpopo Province.
Bush encroachment of savanna and grasslands has 
implications for biome-specific floral and faunal assem-
blages with avian studies, for example, showing a rapid 
turnover in species composition and negative effects on 
diversity (Hahn 2006, Sirami and Monadjem 2012). Con-
versely, experimental tree removal in grasslands being 
encroached has been shown to rapidly increase important 
native floral and faunal community metrics (Alford et al. 
2012). Our study shows a historical shift in species com-
position in a bush encroached landscape further at risk 
from climate change, underscoring the need for historical 
perspective in modeling future changes.
Conservation implications
Species confined to mountains and having relatively low 
dispersal capabilities, such as terrestrial small mammals, 
reptiles, and amphibians, are expected to suffer height-
ened extinction risks due to the effects of climate change 
(McCain and Colwell 2011). This generalization is supported 
by the results of our study, particularly concerning the 
Afromontane grassland biome specialist, Otomys auratus. 
We would predict that the effects of climate change on bio-
diversity would be felt first and most keenly in tropical, 
lower-elevation mountain ranges. Our data from the Sout-
pansberg Range located just north of the Tropic of Capri-
corn confirm this prediction, where changes over the past 
few decades have resulted in the virtual replacement of a 
grassland biome species (O. auratus) by a savanna biome 
species (O. angoniensis). It is hardly surprising that of the 39 
Sub-Saharan African rodent species that are classified by 
the International Union for Conservation of Nature (IUCN) 
as Vulnerable, Endangered, or Critically Endangered, all 
but two of them are species that have distributions con-
fined to restricted montane habitats (Monadjem et al. 2015). 
Seven of these are species of Otomys, confined to equato-
rial and tropical mountains and mountain ranges such as 
the Cameroon Volcanic Line, Mt Elgon, the Eastern Arc 
Mountains, and Southern Highlands of Tanzania. Although 
the southern African species considered in this study have 
relatively wide ranges and are not classified as threatened, 
O. auratus and O. irroratus are model taxa for montane and 
submontane grassland and fynbos biome communities, 
respectively, and the projections of decreased range sizes 
with climate change apply equally to much rarer plant 
and animal members of these same montane communities 
where such range contractions may have more catastrophic 
consequences on population extinctions.
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This study sounds an alarm that population declines 
due to climate change-induced range contractions should 
be considered in conservation assessments of Afromon-
tane species of terrestrial plants and animals, particu-
larly in the case of range-restricted species occurring on 
tropical and equatorial mountain ranges. In the case of 
Afromontane species having small or very small areas of 
occurrence or occupancy, and either fluctuating popula-
tions or highly fragmented habitats, projected continuing 
range contractions due to climate change can be used to 
formally justify threatened categories (Vulnerable, Endan-
gered, or Critically Endangered) under the B1 and B2 crite-
ria of the IUCN (2012).
Acknowledgments: Dr. Teresa Kearney is thanked for 
access to the collections of the Ditsong Museum and for 
considerable support with the project, including scan-
ning of relevant field notes of Austin Roberts. Drs. Mark 
Robertson and Steven Evans provided constructive advice 
on the use of the MaxEnt models. Gerhard Goldner and 
his supervisors (Dr. Sarita Maree and Prof. Nigel Bennett) 
are thanked for kindly donating specimens from Rietv-
lei Nature Reserve from his MSc study for preparation of 
skulls and species identification thereof. Aubrey Munyai 
and Tshifhiwa Nemakhavhani kindly provided data on 
Otomys specimens collected during their respective MSc 
studies. The financial and logistic support of the Univer-
sity of Venda is gratefully acknowledged, as is that of 
the National Research Foundation (Grant/Award Num-
ber: ‘77514’) and Department of Science and Technology 
(Grant/Award Number: ‘87311 SARCHI Chair’) through the 
South African Research Chair (SARChI) on Biodiversity 
Value and Change at the University of Venda.
References
Alford, A.L., E.C. Hellgren, R. Limb and D.M. Engle. 2012. Experi-
mental tree removal in tall grass prairie: variable responses of 
flora and fauna along a woody cover gradient. Ecol. Appl. 22: 
947–958.
Anderson, R.P. and A. Raza. 2010. The effect of the extent of 
the study region on GIS models of species geographic 
distributions and estimates of niche evolution: preliminary 
tests with montane rodents (genus Nephelomys) in Venezuela. 
J. Biogeogr. 37: 1378–1393.
Armstrong, A.J. 2009. Distribution and conservation of the 
coastal population of the black-headed dwarf chameleon 
Bradypodion melanocephalum in KwaZulu-Natal. Afr. J. 
Herpetol. 58: 85–97.
Beaumont, L.J., L. Hughes and A.J. Pitman. 2008. Why is the choice 
of future climate scenarios for species distribution modelling 
important? Ecol. Lett. 11: 1135–1146.
Bond, W.J. 2008. What limits trees in C4 grasslands and savannas? 
Annu. Rev. Ecol. Evol. Syst. 39: 641–659.
Bond, W.J. and G.F. Midgley. 2012. Carbon dioxide and the uneasy 
interaction of trees and savannah grasses. Philos. Trans. R. 
Soc. Lond. B Biol. Sci. 367: 601–612.
Bond, W.J., G.F. Midgley and F.I. Woodward. 2003. The importance of 
low atmospheric CO2 and fire in promoting the spread of grass-
lands and savannas. Global Change Biol. 9: 973–982.
Chown, S.L. 2010. Temporal biodiversity change in transformed 
landscapes: a southern African perspective. Philos. Trans. R. 
Soc. Lond. B Biol. Sci. 365: 3729–3742.
Coetzee, B.W.T., M.P. Robertson, B.F.N. Erasmus, B.J. van Rensburg 
and W. Thuiller. 2009. Ensemble models predict Important Bird 
Areas in southern Africa will become less effective for conserv-
ing endemic birds under climate change. Glob. Ecol. Biogeogr. 
18: 701–710.
Davis, R.M. 1973. The ecology and life history of the vlei rat, Otomys 
irroratus (Brants, 1827), on the van Riebeeck Nature Reserve, 
Pretoria. PhD thesis. University of Pretoria, Pretoria. pp. 171.
Driver, A., K.J. Sink, J.L. Nel, S.H. Holness, L. Van Niekerk, F. Daniels, 
Z. Jonas, P.A. Majiedt, L. Harris and K. Maze. 2012. National 
Biodiversity Assessment 2011: an assessment of South Africa’s 
biodiversity and ecosystems. Synthesis report. South African 
National Biodiversity Institute and Department of Environmen-
tal Affairs, Pretoria.
Elith, J. and J.R. Leathwick. 2009. Species distribution models: 
ecological explanation and prediction across space and time. 
Annu. Rev. Ecol. Evol. Syst. 40: 677–697.
Elith J., C.H. Graham, R.P. Anderson, M. Dudík, S. Ferrier, A. Guisan, 
R.J. Hijmans, F. Huettmann, J.R. Leathwick, A. Lehmann, J. Li, 
L.G. Lohmann, B.A. Loiselle, G. Manion, C. Moritz, M. Naka-
mura, Y. Nakazawa, J.M. Overton, A.T. Peterson, S.J. Phillips, 
K. Richardson, R. Scachetti-Pereira, R.E. Schapire, J. Soberón, 
S. Williams, M.S. Wisz and N.E. Zimmermann. 2006. Novel 
methods improve prediction of species’ distributions from 
occurrence data. Ecography 29: 129–151.
Ellery, W.N., R.J. Scholes and M.T. Mentis. 1991. An initial approach 
to predicting the sensitivity of the South African grassland 
biome to climate change. S. Afr. J. Sci. 87: 499–503.
Engelbrecht, A., P.J. Taylor, S.R. Daniels and R.V. Rambau. 2011. 
Cryptic speciation in the southern African vlei rat, Otomys irro-
ratus complex: evidence derived from mitochondrial cyt b and 
niche modeling. Biol. J. Linn. Soc. 104: 192–206.
Erasmus, B.F.N., A.S. van Jaarsveld, S.L. Chown, M. Kshatriya and 
K.J. Wessels. 2002. Vulnerability of South Africa animal taxa to 
climate change. Global Change Biol. 8: 679–693.
García-Domínguez, J. A., O.R. Rojas-Soto, J.R. Galindo-González, 
A. González-Romero, M.D.R. Pineda-López and J.C. Noa- 
Carrazana. 2014. Present and future potential distribution 
of the endemic Perote ground squirrel (Xerospermophilus 
perotinus) under  different climate change scenarios. 
Mammalia 78: 507–521.
Hahn, N. 2002. Endemic flora of the Soutpansberg. MSc thesis. 
University of Natal, Pietermaritzburg. pp. 219.
Hahn, N. 2006. Floristic diversity of the Soutpansberg, Limpopo 
Province, South Africa. PhD thesis. University of Pretoria, 
Pretoria. pp. 419.
Hannah, l., G. Midgley, G. Hughes and B. Bomhard. 2005. The view 
from the Cape: extinction risk, protected areas, and climate 
change. BioScience 55: 231–242.
 - 10.1515/mammalia-2015-0033
Downloaded from PubFactory at 07/27/2016 10:53:00AM
via University of Stellenbosch
P.J. Taylor et al.: Afromontane rodents and climate change      375
Huxman, T.E., B.P. Wilcox, D.D. Breshears, R.L. Scott, K.A. Snyder, 
E.E. Small, K. Hultine W.T. Pockman and R.B. Jackson. 2005. 
Ecohydrological implications of woody plant encroachment. 
Ecology 86: 308–319.
International Union for Conservation of Nature (IUCN). 2012. IUCN 
Red List categories and criteria, Version 3.1, second edi-
tion. International Union for Conservation of Nature, Gland, 
 Switzerland.
Kgope, B.S., W.J. Bond and G.F. Midgley. 2010. Growth responses of 
African savanna trees implicate atmospheric [CO2] as a driver 
op past and current changes in savanna tree cover. Austral. 
Ecol. 35: 451–463.
Kriticos, D.J., B.L. Webber, A. Leriche, N. Ota, I. Macadam, J. Bathols 
and J.K. Scott. 2012. CliMond: global high-resolution historical 
and future scenario climate surfaces for bioclimatic modelling. 
Methods Ecol. Evol. 3: 53–64.
Kruger, A.C. and S. Shongwe. 2004. Temperature trends in South 
Africa: 1960–2003. Int. J. Climatol. 24: 1929–1945.
McCain, C.M. and R.K. Colwell. 2011. Assessing the threat to mon-
tane biodiversity from discordant shifts in temperature and 
precipitation in a changing climate. Ecol. Lett. 14: 1236–1245.
Meester, J.A.J., I.L. Rautenbach, N.J. Dippenaar and C.M. Baker. 
1986. Classification of southern African mammals. Transvaal 
Mus. Monogr. 5: 1–359.
Midgley, G.F., G.O. Hughes, W. Thuiller and A.G. Rebelo. 2006. 
Migration rate limitations on climate change-induced range 
shifts in Cape Proteaceae. Divers. Distrib. 12: 555–562.
Monadjem, A., 1998. The mammals of Swaziland. The Conservation 
Trust of Swaziland & Big Game Parks, Mbabane, Swaziland.
Monadjem, A., M.Z. Virani, C. Jackson and A. Reside. 2012. Rapid 
decline and shift in the future distribution predicted for the 
endangered Sokoke Scops Owl Otus ireneae due to climate 
change. Bird Conserv. Int. 23: 247–258.
Monadjem, A., P.J. Taylor, C. Denys and F.P.D. Cotterill. 2015. 
Rodents of Sub-Saharan Africa: a biogeographic and taxonomic 
synthesis. Walter De Gruyter, Berlin, Germany. pp. 1092.
Mucina, L. and M.C. Rutherford. 2006. The Vegetation of South 
Africa, Lesotho and Swaziland. Strelitzia 19: 1–807.
Nengovhela, A., 2014. Investigating past, present and future 
distributions of cryptic species of vlei rats (Otomys auratus, 
O. irroratus s.s. and O. angoniensis) in South Africa, with a 
focus on Limpopo Province. MSc thesis. University of Venda, 
Thohoyandou, South Africa. pp. 105.
O’Connor, T.G, J.R. Puttick and M.T. Hoffman. 2014. Bush encroach-
ment in southern Africa: changes and causes. Afr. J. Range 
Forage Sci. 31: 67–88.
Pereira, H.M., P.W. Leadley, V. Proenca, R. Alkemade, J.P.W. Schar-
lemann, J.F. Fernandez-Manjarres, M.B. Ara Ujo, P. Balvanera, 
R. Biggs, W.W.L. Cheung, L. Chini, H.D. Cooper, E.L. Gilman, S. 
Guénette, G.C. Hurtt, H.P. Huntington, G.M. Mace, T. Oberdorff, 
C. Revenga, P. Rodrigues, R.J. Scholes, U.R. Sumaila and M. 
Walpole. 2010. Scenarios for global biodiversity in the 21st 
century. Science 330: 1496–1501.
Phillips, S.J., R.P. Anderson and R.E. Schapire. 2006. Maximum 
entropy modeling of species geographic distributions. Ecol. 
Model. 190: 231–259.
Roques, K.G., T.G. O’Connor and A.R. Watkinson. 2001. Dynamics of 
shrub encroachment in an African savanna: relative influences 
of fire, herbivory, rainfall and density dependence. J. Appl. 
Ecol. 38: 268–280.
Sikes, R.S., W.L. Gannon and the Animal Care and Use Committee of 
the American Society of Mammalogists. 2011. Guidelines of the 
American Society of Mammalogists for the use of wild mam-
mals in research. J. Mammal. 92: 235–253.
Sirami, C. and A. Monadjem. 2012. Changes in bird communities in 
Swaziland savannas between 1998 and 2008 owing to shrub 
encroachment. Divers. Distrib. 18: 390–400.
Tarrant J. and Armstrong, A.J., 2013. Using predictive modelling 
to guide the conservation of a critically endangered coastal 
wetland amphibian. J. Nat. Conserv. 21: 369–381.
Taylor, P.J. 1998. The smaller mammals of KwaZulu-Natal. University 
of Natal Press, Pietermaritzburg. pp. 141.
Taylor, P.J. 2013. Genus Otomys vlei rats. In: (D.C.D. Happold, ed.) 
Mammals of Africa: Volume III. Bloomsbury Publishing, 
 London. pp. 574–575.
Taylor, P.J., S. Maree, J. van Sandwyk, J.C. Kerbis Peterhans, W.T. 
Stanley, E. Verheyen, P. Kaliba, W. Verheyen, P. Kaleme and 
N.C. Bennett. 2009a. Speciation mirrors geomorphology and 
palaeoclimatic history in African laminate-toothed rats (Muri-
dae: Otomyini) of the Otomys denti and O. lacustris species-
complexes in the “Montane Circle” of East Africa. Biol. J. Linn. 
Soc. 96: 913–941.
Taylor, P.J., S. Maree, J. Sandwyk, R. Baxter and R.V. Rambau. 
2009b. When is a species not a species? Uncoupled pheno-
typic, karyotypic and genotypic divergence in two species 
of South African laminate-toothed rats (Murinae: Otomyini). 
J. Zool. (Lond.) 277: 317–332.
Taylor, P.J., L.A. Lavrenchenko, M.D. Carleton, E. Verheyen, N. 
Bennett, C. Oosthuisen and S. Maree. 2011. Specific limits 
and emerging diversity patterns in east African populations 
of laminate- toothed rats, genus Otomys (Muridae: Murinae: 
Otomyini): revision of the Otomys typus complex. Zootaxa 
3024: 1–66.
Taylor, P.J., S. Maree, F.P.D. Cotterill, A.D. Missoup, V. Nicolas and 
C. Denys. 2014. Molecular and morphological evidence for a 
Pleistocene radiation of laminate-toothed rats (Otomys: Roden-
tia) across a volcanic archipelago in equatorial Africa. Biol. J. 
Linn. Soc. 113: 320–344.
Thomas, C.D., A. Cameron, R.E. Green, M. Bakkenes, L.J. Beaumont 
Y.C. Collingham, B.F.N. Erasmus, M.F. de Siqueira, A. Grainger, 
L. Hannah, L. Hughes, B. Huntley, A.S. van Jaarsveld, G.F. Midg-
ley, L. Miles, M.A. Ortega-Huerta, A.T. Peterson, O.L. Phillips 
and S.E. Williams. 2004. Extinction risk from climate change. 
Nature 427: 145–148.
Tshiala, M.F., J.M. Olwoch and F.A. Engelbrecht. 2011. Analysis of 
temperature trends over Limpopo Province, South Africa. J. 
Geogr. Geol. 3: 13–21.
van der Wal, J., L.P. Shoo, C. Graham and S.E. Williams. 2009. 
Selecting pseudo-absence data for presence-only distribution 
modeling: How far should you stray from what you know? Ecol. 
Model. 220: 589–594.
Venter, C.E., G.J. Bredenkamp and P.-L. Grundlingh. 2003. Short-
term vegetation change on rehabilitated peatland on Rietvlei 
Nature Reserve. Koedoe 46: 53–63.
Supplemental Material: The online version of this article 
(DOI: 10.1515/mammalia-2015-0033) offers supplementary material, 
available to authorized users.
 - 10.1515/mammalia-2015-0033
Downloaded from PubFactory at 07/27/2016 10:53:00AM
via University of Stellenbosch
